Abstract. The present paper reports some cytogenetic peculiarities observed in the Ag-NORs of Pamphagus ortolaniae chromosomes, the unusual behaviour of ribosomal sites after silver staining and the intense Ag-positive reaction of centromeric regions at spermatogonial metaphase and spermatocyte metaphase I and II. Moreover, a conclusive identification and localization of all the ribosomal clusters is provided by using heterologous rDNA FISH on spermatocyte chromosomes. 18S-28S rDNA mapped on a single chromosome pair and resulted multiclustered along the chromosomal body in three distinct serial regions, r1, r2 and r3. Surprisingly, these areas were scarcely (r1) or never (r2 and r3) detectable by silver impregnation. As in other Orthoptera and many groups of arthropods, FISH with the pentamer (TTAGG)n as the probe labelled the telomeres of all chromosomes.
INTRODUCTION
Nucleolus organizer regions (NORs) are characterized by the presence of clusters of tandemly repeated rDNA units, which when transcriptionally active are associated with nonhistone proteins (Miller et al., 1976; Jordan, 1987) . The methods commonly used to detect NORs in animals and plants employ silver nitrate (Ag-NOR) or chromomycin A3 (CMA3) staining. Silver staining reveals transcriptionally active NORs by binding to nucleolar argentophilic acidic proteins; CMA3 generally shows both active and inactive NORs as a consequence of the high GC content of the rDNA.
However, mostly in invertebrates, both methods frequently do not work when applied to species belonging to taxonomically unrelated taxa. For example, silver nitrate does not stain NORs in the amphipod Jassa marmorata (Crustacea) (Libertini et al., 2000) and slug Milax nigricans (Mollusca) . On the other hand, silver and/or CMA3 heavily stain not only the NORs but also the heterochromatic blocks in the Algerian hedgehog Erinaceus (Aethechinus) algirus (Sánchez et al., 1995) , ant Tapinoma nigerrimum (Lorite et al., 1997) and some scarab beetle species (Colomba et al., 2004 and references therein) .
The genus Pamphagus (Orthoptera: Pamphagidae) includes four Mediterranean species, which occur in Sardinia (P. sardeus Herrich-Schaffer, 1840), Sicily (P. marmoratus Burmeister, 1838), Pelagie islands (P. ortolaniae Cusimano & Massa, 1975) and North-Western Africa (P. tunetanus Vosseler, 1902) . These species are morphologically similar but reproductively isolated and have been studied cytologically with respect to chromosome numbers (n and 2n) and C-banding patterns (Vitturi et al., 1993 and references therein). In P. ortolaniae, a preliminary analysis using silver impregnation (Mansueto & Vitturi, 1989) revealed that all spermatogonial chromosomes showed Ag-aggregates in their centromeric regions and, as a consequence, it was not possible to conclusively map the major ribosomal sites (18S-28S rDNA) and estimate their activity.
Fluorescence in situ hybridization (FISH) has considerable advantages over traditional systems for the specific and reproducible mapping of genes and DNA sequences. To date, it has been widely used for the localization of specific DNA sequences within the chromosomes (Swiger & Tucker, 1996; Nath & Johnson, 2000) and for examining major chromosome rearrangements (i.e. inversions and Robertsonian fusions) in a variety of organisms (e.g.. Slijepcevic, 1998; Nomoto et al., 2001) . FISH along with the use of ribosomal sequences as probes has been successfully employed to provide unambiguous chromosomal assignments of major ribosomal sites in many species of grasshoppers in a broad range of taxa within the order (the huge number of papers published on this subject cannot be cited; see Souza et al., 1998 , López-León et al., 1999 Cabrero et al., 2003; Keller et al., 2006; Souza & Melo, 2007 and references quoted therein) .
In the present paper ribosomal clusters and telomeric sequences are mapped using FISH. Moreover, unusual outcomes such as the intense Ag-staining of centromeric regions during spermatogonial metaphase and metaphase I, along with the peculiar response of rDNA regions to silver staining, are discussed.
MATERIAL AND METHODS
Fifteen sexually mature males of the grasshopper Pamphagus ortolaniae (Orthoptera: Pamphagidae), identified using Cusi-mano & Massa (1977) , were caught during July in 2005 and 2006 in fields on Lampedusa (Pelagie islands, Agrigento Province, South-Western Sicily).
Chromosomes were obtained by the air-drying method (Vitturi, 1992 ) from testicular lobes after in vivo colchicine treatment (0.5 mg/ml for 1 h), observed under a Leica microscope, photographed using a Kodak Ektacolor 800 ASA film and classified according to Levan et al. (1964) . Characterization of nucleolus organizer regions (NORs) was done using the rapid colloidal silver method of Howell & Black (1980) . FISH was performed on fixed spermatocyte chromosomes using four different probes: (1) a sea urchin (Paracentrotus lividus) 18S rDNA probe (Cantone et al., 1993) provided by R. Barbieri, University of Palermo; (2) a Drosophila melanogaster 18S-5.8S-28S rDNA probe (Roiha et al., 1981) kindly provided by J. Méndez and A. Insua, Universidade da Coruña, Spain; (3) the telomeric hexamer (TTAGGG)n and (4) the insect-type pentamer repeat (TTAGG)n. The telomeric probes were obtained by PCR in the absence of a template (Ijdo et al., 1991) using (TTAGGG)5/(CCCTAA)5 and (TTAGG)5/(CCTAA)5 as primers, respectively. All probes were DIG-labelled by random priming (PCR products) or nick translation (ribosomal sequences) according to manufacturer's instructions (Roche, Mannheim, Germany). Slides were pre-treated with RNAse A (200 µg/ml) Figs 1-3: Localization of rDNA/NOR sites (1 and 3) and telomeric repeats (2) on chromosomes of Pamphagus ortolaniae. 1A -Diakinetic bivalents after fluorescence in situ hybridization with 18S rDNA from Paracentrotus lividus (sea urchin). Hybridized areas (yellow) consist of grains more or less closely joined, clustered in three regions (r1,r2 and r3). 1B -The rDNA bearing bivalent from a second diakinetic chromosome plate hybridized with 18S-5.8S-28S ribosomal probe from Drosophila melanogaster. The three serial regions are very evident. 1C -The rDNA bearing bivalent from a third chromosome plate at diplotene hybridized with the ribosomal probe from P. lividus. Hybridization patterns were always similar when two ribosomal probes prepared from taxonomically distant organisms, such as an echinoderm and an insect, were used. 1D -Schematic drawing of the NOR-bearing mitotic chromosome showing the distribution of rDNA signals (r1, r2 and r3); c indicates the centromere position. 2 -Diakinetic bivalents after fluorescence in situ hybridization with the (TTAGG)n telomeric probe. As in other arthropods, including other insects as well as P. ortolaniae, all chromosome ends are composed of pentamer repeats (yellow dots). 3 -Diakinetic bivalents (A) and spermatogonial metaphase chromosomes (B) after silver impregnation. Centromeric regions consistently show positive reaction to silver (dark dots) whereas rDNA clusters do not. Only in a few plates was the NOR-bearing chromosome pair marked by silver nitrate in a similar way to the ribosomal cluster r1 and the centromeric region (c). (D) shows one of the homologous chromosomes on which the Ag-positive areas are clearly evident. (C) shows the same chromosome plate as in 3A after rDNA FISH. The sequential treatment with silver staining (A) and rDNA FISH (C) shows the dissimilarity of the two patterns. Scale bar = 10 µm (except in 1D). and the chromosomes denatured in 70% formamide/2× SSC for 4 min at 72°C. Probes were denatured for 5 min at 80°C. Each slide was hybridized with 25 µl of the hybridization mixture containing 120 ng of labelled and denatured probe dissolved in hybridization solution (50% formamide, 10% dextran sulfate, 2× SSC, 50 mM sodium phosphate). Hybridization was allowed to proceed overnight in a moist plastic chamber at 37°C. Slides were washed at 42°C. Immunodetection of each probe was performed using an antibody cascade (anti-DIG, anti-mouse Ig-DIG and anti-DIG-FITC conjugated) from the Fluorescent Antibody Enhancer Set for DIG Detection (Roche, Cat. No. 1 768 506). Slides were mounted in antifade solution with propidium iodide (PI) (3 µg/ml) and viewed under a Leica filter set I3 (BP 450-490, LP 515), which allowed the simultaneous visualization of fluorescein-labelled hybrid (yellow) and chromosomal DNA (red).
Sequential treatment with Ag-NOR staining and rDNA FISH was carried out following Zurita et al. (1998) , with slight modifications. An additional twenty males were used in a second stage of the analysis as a source of chromosome spreads from testicular lobes fixed in 3 : 1 solution of ethanol: acetic acid, and then stored at -20°C.
RESULTS
The standard karyotype of P. ortolaniae males is 2n = 19 (9AA + X0) acrocentric chromosomes (Mansueto & Vitturi, 1989) .
Hybridizations with the ribosomal probes from P. lividus and D. melanogaster (employed in different experiments) gave better results with meiotic chromosomes (pachytene, diplotene and diakinesis stages). Both probes always gave the same results so that their hybridization signals were not distinguished from one another. At diakinesis, rDNA clusters were clearly evident on one ring bivalent (28 spreads evaluated). Hybridization signal was spread over a large portion of both homologous chromosomes but not uniformly stained due to the presence of numerous grains, which were more (Fig. 1A) or less (Figs 1B, C) closely joined. When at the pachytene and diplotene stages a greatly enlarged rDNA-bearing bivalent appeared, it was possible to observe that the labelled area was organized in a multiclustered fashion consisting of three distinct serial regions designated as r1, r2 and r3. The first band (r1) was adjacent to the centromere and appeared to be slightly larger than r2 and r3, which were nearly similar in size and located interstitially (see also Fig. 1D ). The finding that the P. ortolaniae genome has one NOR (scattered in three regions along the chromosomal body) on one chromosome pair was supported by the observation that there is a maximum of two nucleoli in FISH-treated interphase nuclei (data not shown).
NOR activity was examined in primary ( Fig. 3A ) and secondary (data not shown) spermatocytes or spermatogonia (Fig. 3B) by means of silver impregnation. In every stage investigated (29 metaphase I and 21 mitotic metaphases), there were no deposits other than small silver aggregates in the centromeric regions of all chromosomes. This difference between the FISH and Ag-NOR patterns of staining was confirmed by sequentially treating with the two banding methods (compare Figs 3A and 3C ). In the second stage of the cytogenetic analysis, the response of the ribosomal DNA regions to silver impregnation in the mitotic and meiotic plates from twenty additional males was investigated. In eighteen out of twenty specimens, the silver patterns consistently confirmed NORs do not stain with Ag. Only in five mitotic plates from two individuals, did the NOR-bearing chromosome pair show distinct silver dots indicating the presence of a centromere and r1, respectively. In any case, r2 and r3 were consistently silver negative (Fig. 3D) .
FISH with the vertebrate-type (TTAGGG)n telomeric sequence failed to produce any hybridization signals (data not shown), whereas after hybridization with the pentamer (TTAGG)n -which occurs in many arthropods, including insects (Okazaki et al., 1993; Sahara et al., 1999) -diakinetic bivalents showed typically labelled terminal areas (Fig. 2) .
DISCUSSION
rDNA FISH consistently mapped major ribosomal sites (18S-28S rDNA) at three distinct regions (r1, r2, r3), organized in a multiclustered fashion on both homologues of one bivalent. As confirmed by the maximum number of nucleoli (two) per cell in interphase nuclei, the genome of P. ortolaniae is characterized by a single NOR chromosome pair. Unlike FISH, silver staining reveals centromeric Ag-aggregates on all chromosomes during major spermatogenetic stages, whereas there are hardly any silver deposits on the corresponding hybridized regions. Exceptionally, on some plates (< 3%; five out of more than 200 plates analysed) silver staining revealed the r1 cluster, in addition to the centromere; r2 and r3 were consistently Ag-negative. As already reported for other animals (Pendás et al., 1994; Sánchez et al., 1995; Vitturi et al., 2001; Colomba et al., 2006) , as well as P. ortolaniae, fluorescence in situ hybridization is a uniquely reliable tool for the physical mapping of major ribosomal genes.
There is no technical bias in our findings mainly because conventional fixation (ethanol-acetic acid) and staining, on which silver stainability is strongly dependent (Hubbel, 1985) , were used in our experiments. Moreover, in similar experiments, NORs were regularly revealed in the worms Eisenia foetida (Oligochaeta) (Vitturi et al., 2000a) and Ophryotrocha macrovifera (Polychaeta) (Vitturi et al., 2000b) chosen as positive controls (data not shown). We also exclude the possibility that FISH may have detected DNA other than that of ribosomal genes, because the two rDNA sequences (from such distant species as an insect and an echinoderm) used as separate probes resulted in similar hybridization patterns. Therefore, considering the reliability of our results, unusual features of the chromosome complement of P. ortolaniae, such as (i) the distribution of rDNA clusters along the chromosomes; (ii) an extremely weak silver staining of ribosomal sites at spermatogonial metaphases; and (iii) the overall silver stainability of centromeric regions during all major meiotic stages, deserve to be noted.
Based on the distribution of ribosomal DNA (scattered in three regions), the discrete length of the hybridized areas, interspersion and sequence fidelity of these moderately repeated sequences, it is likely that transposition may be responsible for the multiplication and dispersion of rDNA clusters.
Considering the poor response of rDNA regions to silver impregnation, it is very unlikely that all ribosomal clusters are transcriptionally inactive, but as already reported for other taxa (e.g. see Libertini et al., 2000; Vitturi et al., 2004) , silver staining is ineffective, possibly due to the presence of a "protective shield", whose nature is still unknown (maybe proteinaceous or cytoplasmic), which prevents silver accessibility and precipitation. Our results suggest that from time to time (in a very low percentage of cases) cluster r1 can be revealed by silver staining, whereas there is no clear explanation for the consistently negative reaction of r2 and r3. Three non-mutually exclusive hypotheses can be considered: (i) r2 and r3 remain unstained due to the presence of a molecular barrier. Moreover, taking into account the relative sizes of the three rDNA regions, any parameter preventing the detection of r1 is likely to have a more powerful effect on shorter segments, such as r2 and r3; (ii) r2 and r3 are transcribed but remain undetectable since the level of silver staining is below the detection threshold; (iii) r2 and r3 clusters are transcriptionally inactive or at least not sufficiently decondensed (Clavaguera et al., 1983) .
The intense silver staining of centromeres during spermatogenesis -an event quite unusual in vertebrates but commonly observed, although only at metaphase I, in invertebrates of very distant taxa and references therein) -might be attributed to the occurrence of argentophilic acidic proteins different from those associated with ribosomal gene clusters. In fact, it is well known that silver nitrate impregnates proteinaceous chromosome structures including kinetochores, NORs, synaptonemal complexes, chromatid cores and mitotic chromosome scaffolds (Rufas et al., 1994 and references therein). One possibility is that, as already described for other grasshoppers, silver preferentially stains kinetochores, although, contrary to Rufas and co-workers' protocol, we did not impregnate overnight.
Our results confirm that, as expected, P. ortolaniae chromosomes share with other arthopods, including most insect groups, the (TTAGG)n motif in the telomeric DNA. It is well known that (TTAGG)n is a widespread, although not the only telomere motif in insects (Okazaki et al., 1993; Sahara et al., 1999; Frydrychová et al., 2004) . In particular, it is widely reported that the (TTAGG)n motif is conserved in the main lineages of insects with only occasional exceptions outside Endopterygota, which show a certain heterogeneity with respect to the occurrence of (TTAGG)n (Frydrychová et al., 2004) . Moreover, Vítková et al. (2005) report the presence of (TTAGG)n in all main arthopod clades. This interesting finding strongly supports the hypothesis that the sequence is the ancestral telomere motif not only for insects, but for all arthopods. It is conceivable that (TTAGG)n evolved from the so called "vertebrate" repeat (TTAGGG)n, which appears to be ancestral for all Metazoa (Traut et al., 2007) .
Finally, it is interesting to compare the results of this study with those reported for grasshoppers either belonging to the family Pamphagidae (Cabrero et al., 1987; López-León et al., 1999) or even the same genus, Pamphagus (Camacho et al., 1981; Cabrero et al., 1985) . Unlike P. ortolaniae, these species showed silver aggregates easily identifiable as active NORs at both mitotic and meiotic stages without, as far as we know, any additional centromeric Ag-deposits. All this suggests that P. ortolaniae might be an interesting biological model for studying rDNA organization and function. For this, it would be necessary to undertake a molecular analysis of the genome of P. ortolaniae and do a cytogenetic and molecular investigation of other Pamphagus species and genera of the family Pamphagidae.
